Silver nanoparticles (NPs) are among the most widely used nanomaterials and are entering 18 soil ecosystems, mainly via biosolids in agriculture. When added directly to soils, metallic 19 Ag-NPs have been shown to affect microbial communities, which underpin important 20 ecosystem functions. During wastewater treatment processing, metallic Ag-NPs are rapidly 21 converted to Ag 2 S, which is relatively insoluble and less toxic. Furthermore, recent evidence 22
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Silver nanoparticles (Ag-NPs) are used for a wide-range of applications (Vance et al., 2015) 2018a). Hence, the impacts on soil microbial diversity of metallic Ag-NPs that have been 53 processed and applied in an environmentally realistic manner are poorly understood. In 54 addition, soil chloride content, has been shown to enhance the bioavailability of silver in soils 55 in which metallic Ag-NPs had been largely converted to Ag 2 S during the wastewater 56 treatment process (Wang et al., 2016) . At present, however, it is not known whether soil 57 chloride concentration influences the impacts of environmentally relevant forms of Ag-NPs 58 (i.e. Ag 2 S) on microbial diversity. This information is important for the safe and sustainable 59 use of nanomaterials. 60 61 Of all silver entering wastewater treatment systems, up to 70% is applied to agricultural land 62 in biosolids (Kaegi et al., 2011; Lovingood et al., 2018) , in which 85-100% is present as Ag 2 S 63 Wang et al., 2018a Wang et al., , 2016 . This is critical, because the solubility of 65 Ag 2 S (Ksp = 6 x 10 -51 ) is markedly lower than for metallic Ag-NPs, and hence Ag 2 S is 66 presumably less toxic to soil organisms. Despite this, most studies concerning the effects of 67 Ag-NPs on soil microbial communities have focused on freshly synthesized metallic Ag-NPs, 68 which have been shown to decrease microbial diversity (Samarajeewa et al., 2017) found that the effects of Ag 2 S on microbial communities are not dose dependent. In addition 78
to changes in the speciation of silver during wastewater treatment, nanoparticles become 79 integrated into the biosolids (Schlich et al., 2018) . Hence when contaminated biosolids are 80 applied to agricultural land, silver may encounter soil microbes less frequently than if non-81 contaminated biosolids and metallic Ag-NPs were added to soil separately. This is the case in 82 most studies and may exaggerate the impacts of wastewater treatment processed Ag-NPs on 83 soil microbial communities. 84 85 Once in soil, the toxicity of silver from wastewater treatment pathways, is further modified by 86 the properties of the soil itself (Rahmatpour et al., 2017; Schlich and Hund-Rinke, 2015) . 87
Previously, using plant bioassays and diffusive gradients in thin films, we have demonstrated 88 that soil chloride content is positively associated with the bioavailability of silver despite the 89 metallic Ag-NPs having been converted largely to Ag 2 S in the sludge (Wang et al., 2016) . 90
Hence, soil microorganisms are also likely to be exposed to elevated levels of toxic Ag + ions 91 when biosolids are added to saline soils. Furthermore, microbial communities in saline soils 92 are typically less diverse than those in non-saline soils (Zhang et al., 2019) and may be more 93 5 vulnerable to perturbation. Despite this, the influence of chloride content on the impacts of 94 wastewater treatment processed Ag-NPs on soil microbial diversity are not known. 95
96
In this study, we examined how the application of 0 g, 1 g and 2 g kg -1 NaCl to soil influences 97 the effects of 0 mg, 1 mg and 10 mg kg -1 Ag, applied as wastewater treatment processed Ag-98 NPs, on bacterial and fungal diversity. These NaCl doses resulted in soil solution electrical 99 conductivities (EC) of 1, 3 and 6 dS m -1 , which assuming a threshold of 4 dS m -1 for a saline 100 soil (United States Salinity Laboaratory Staff, 1954), represented a non-saline, sub-saline and 101 saline soil, respectively. Metallic Ag-NPs and wastewater were processed for 28 days in 102 sequencing batch reactors to generate sludge that was applied to soils to achieve silver 103 concentrations equivalent to the 95 th percentile of one and ten years of release according to 104 6 Taxonomy (Soil Survey Staff, 2014) and has been described in our previous work (see Table  120 S1 from Wang et al. (2016) ). Briefly, the soil was collected at a depth of 0−20 cm from a 121 pineapple (Ananas comosus) farm in Queensland, Australia (27.02 ºS, 152.92 ºE). The soil 122 had a sandy loam texture, pH of 5.4 (1:5 soil/water), soil solution EC of 1.0 dS/m (saturation 123 extract), a cation exchange capacity of 2.6 cmol c /kg and a total organic C content of 1.1% 124 (Wang et al., 2016) . Fresh soil was passed through a 2 mm sieve and treated with 0, 1 or 2 g 125 kg -1 NaCl in order to investigate the effects of chloride addition. This increased the EC to 3 126 dS m -1 and 6 dS m -1 respectively. Following the addition of NaCl, deionized water was added 127 until 60% field capacity was attained, and soils were left to equilibrate for one month. Soils 128 were then split into nine c. 1.6 kg sub-samples to which the silver treatments were applied 129 130
Sludge generation 131
In order to simulate a realistic exposure pathway of Ag-NP application to soils, two sludges 132 were generated in sequencing batch reactors with working volumes of 10 L and initial mixed 133 liquor suspended soil concentration of 4 ± 0.2 g L -1 . Reactors were prepared according to 134 For statistical analyses, we considered the effects of the applied dose of Ag-NPs (0, 1 or 10 214 mg kg -1 soil), the applied dose of chloride (0, 1 g or 2 g kg -1 soil), and day (3, 7, 30, and 90 215 days post inoculation); here we refer to these factors as: Ag-NP, Cl and Day. To determine 216 whether the main and interaction effects of Ag-NP, Cl and Day significantly affected alpha 217 diversity and the relative abundances of individual taxa we used a linear mixed-effects 218 modeling approach (Pinheiro and Bates, 2004) . In these models Ag-NP, Cl and Day, as well 219 as their two-way and three-way interactions, were treated as fixed effects, and soil containers 220 (samples) were treated as a random effect to account for the repeated measures. F-tests were 221 10 applied to assess significance (P < 0.05), and were implemented in R using the lme4 (Bates et  222 al., 2015) and lmerTest (Kuznetsova, 2017) (Tables 1 and 2 ). The magnitude of 250 compositional change in response to silver diminished faster at higher chloride levels, with 251 differences at 90 days being considerably smaller that at 3, 7 and 30 days ( Fig. 1) . 252
253
The OTUs that were most strongly associated with differences in community composition 254 between treatments were obtained from the multivariate GLMs and assessed independently 255 using generalized linear mixed-effects models (Fig. 2 ). This highlighted 70 OTUs that were 256 influenced by at least one treatment relative to the controls. Of these, 16% (11/70) showed a 257 main effect of silver only; 34% (24/70) showed a main effect of chloride only; and 50% 258 (35/70) showed main effects of both silver and chloride (Fig. 2 ). For 43% (15/35) of OTUs 259 that showed main effect of both silver and chloride, we detected significant interactions 260 indicating that the response to silver was influenced by soil chloride content (Fig. 2) . 261
262
Of the 11 OTUs that showed a main effect of silver only, seven were negatively and four were 263 positively associated with silver dose (Fig. 2) . Similarly, of the 24 OTUs that showed a main 264 effect of chloride only, 14 were negatively and 10 were positively associated with silver dose 265 ( Fig. 2) . Of the 35 OTUs that showed a main effect of both silver and chloride, 21 were 266 negatively associated with silver dose, for which five exhibited a significant silver:chloride 267 interaction; and 14 were positively associated with silver dose, of which ten exhibited a 268 significant silver:chloride interaction (Fig. 2) . 269 270
Soil fungal community composition 271
Fungal communities were dominated by representatives of the Ascomycota, Basidiomycota, 272
Chytridiomycota, Mortierellomycota, Mucoromycota and Rozellomycota (Fig. S2) Fig. 3, S3 ). As for bacteria, the fungal OTUs that 277 were most strongly associated with differences in community composition between treatments 278 were obtained from the multivariate GLMs and assessed independently using generalized 279 linear mixed-effects models (Fig. 4) . This highlighted 11 OTUs that were influenced by at 280 least one treatment relative to the controls. Of these, 36% (4/11) of OTUs showed a main 281 effect of silver addition only, 45% (5/11) showed a main effect of chloride only and 18% 282
(2/11) showed a main effect of both silver and chloride (Fig. 4) . 283
284
Of the four OTUs that showed a main effect of silver only, one was negatively and three were 285 positively associated with silver dose (Fig. 2) . Of the five taxa that that showed a main effect 286 of chloride only, two were negatively and three were positively associated with silver dose 287 ( Fig. 2) . Of the remaining two taxa that showed a main effect of both silver and chloride, one 288 was positively and another was negatively associated with silver dose. While the main effect 289 responses to silver for Ascomycota were mixed, the three Basidiomycota OTUs were all 290 positively correlated with increasing silver dose (Fig. 4) . 291 292
Alpha diversity of soil microbial communities 293
Relative to the controls, the alpha diversity of bacterial communities was significantly 294 affected only by silver addition (Table 4, Fig. S4 ). The effects of silver were apparent for all 295 alpha diversity metrics, were independent of chloride and time, and more apparent three days 296 after treatment (Table 4 ). For fungi, silver and chloride did not significantly influence any of 297 the alpha diversity metrics (Table 4) . 298 299 13 4. Discussion 300
301
In this study we tested the hypotheses that: 1) metallic Ag-NPs entering soil via wastewater 302 treatment processing influence the diversity of bacterial and fungal communities, and that 2) 303 these effects would be more apparent in soils with elevated chloride content, as we have 304 previously demonstrated, using samples from the same experiment, that chloride addition 305 increases silver bioavailability (Wang et al., 2016) . 306
307
With respect to the first hypothesis, our findings indicate that wastewater treatment processed 308
Ag-NPs influence the composition of bacterial and fungal communities. However, wastewater 309 treatment processed Ag-NPs only appeared to influence the alpha diversity of bacterial 310
communities, suggesting that they are more sensitive to the Ag treatments than fungi. These With respect to the second hypothesis, our study demonstrated that silver-associated changes 330 in bacterial community composition were affected by soil chloride content, with more acute 331 responses to silver being observed in soils with elevated chloride content (Fig. 1) . In contrast, 332 chloride did not influence silver-associated changes in fungal community composition or the 333 alpha diversity of bacterial or fungal communities. Interestingly, the effect of silver dose 334 persisted until day 90 in samples with no chloride addition, but was diminished in all chloride 335 amended treatments. As chloride has been shown to increase the bioavailability and solubility 336 of silver in soil (Wang et al., 2016) , it is possible that in higher chloride treatments the Ag 2 S 337 shell would have been lost more rapidly along with the Ag + core. Consequently, in the 338 elevated chloride treatments, the influence of wastewater treatment processed Ag-NPs on 339 microbes may have been more acute because Ag + was dispersed and converted to less toxic 340 Ag 2 S more rapidly. This is supported by our previous work, which demonstrated that after 90 341 days, metallic Ag + was detectable in no-chloride treatments, but not in elevated chloride 342 treatments (Wang et al., 2016) . 343
344
The majority (66%) of affected bacterial taxa showed a main effect of silver addition and 345 many of these responses were significantly altered by chloride. Most bacterial taxa responding 346 to treatments were negatively correlated with increasing silver dose. Interestingly, OTU 378 347 (Desulfosporosinus), which is closely related to bacteria known to reduce sulfate, was 348 positively correlated with the addition of wastewater treatment processed Ag-NPs. This may 349 be the result of a greater availability of sulfate groups due to the addition of Ag 2 S. Relative to 350 bacterial taxa, the responses of individual fungal OTUs were less numerous. Over half of the 351 15 taxa affected by treatments exhibited a significant main effect of silver addition, and of these, 352 the majority increased in relative abundance independently of chloride level. In general, fungi 353 appeared to be less sensitive to treatments than bacteria, with fewer OTUs individually 354 responding to treatments and no effect of silver or chloride being apparent on overall fungal 355 diversity. 356
357
In summary, not only did wastewater treatment processed Ag-NPs significantly alter bacterial 358 community composition, the nature of this effect on the whole community, as well as on 359 individual taxa, was affected by soil chloride concentration. While the silver treatments also 360 significantly affected fungal community composition, these effects were independent of 361 chloride dose and only a small number of taxa were found to respond. Additionally, while 362 bacterial alpha diversity was affected by silver addition, the alpha diversity of fungal 363 communities was not affected by any of the treatments. These factors suggest that fungal 364 communities may be less susceptible to wastewater treatment processed Ag-NPs than 365 bacteria. This is supported by previous, culture based, studies which found that fungi were 366 unaffected by silver doses as high as 25 mg kg -1 in some instances (Kim et al., 2012) The boxes on the right-hand side indicate main responses and interaction effects of each OTU. 664 Table 1 P-values from multivariate tests computed using mvabund highlighting the main and interaction effects of silver, chloride and day on microbial community composition. The boxes on the right-hand side indicate main responses and interaction effects of each OTU.
